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ABSTRACT

Maintenance of genetic diversity at ecologically-relevant loci may be important for allowing invasive
populations to become established despite decreases in genomic diversity due to founder effects. To
evaluate this prediction, we compared genetic diversity at an expressed MHC class IIβ gene fragment
to a 909 bp region of the neutral cytochrome b (cytb) locus from 20 populations of the American
bullfrog (Rana catesbeiana) across its North American invasive and native ranges and quantified the
presence of Batrachochytrium dendrobatidis (Bd), a pathogen, for which R. catesbeiana is a vector species.
We recovered 28 unique MHC alleles and found that invasive populations had significantly higher Bd
prevalence and intensity and significantly higher pairwise FST than native populations, but maintained
similar levels of MHC diversity, contrasted by lower neutral cytb diversity. Across all populations the
two most common alleles (LiCA_B & Rapi_33) were associated with a significant decreased risk of
Bd infection, and we detected positive selection acting on three MHC peptide binding residues,
indicating that positive selection drives MHC evolution, likely in part due to disease pressure. A cytb
phylogenetic analysis indicated that invasive populations likely arose from a single founding
population from somewhere in the American Midwest with a possible subsequent invasion. In
contrast, MHC phylogenetic analyses revealed widespread allele sharing across native and invasive
ranges, but limited trans-species polymorphism, indicating a unique MHC evolutionary history in R.
catesbeiana that may play a key role in the species’ high Bd tolerance. Overall, our data indicate that
balancing selection maintains MHC diversity in invasive R. catesbeiana despite founder effects evident
from the cytb dataset. This study suggests that maintenance of diversity at ecologically-relevant loci
contribute to the successful establishment of invasive populations and highlights the importance of
quantifying diversity at functional loci to assess the evolutionary potential of invasive populations.
ii
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INTRODUCTION
Invasive species can pose severe threats to global biodiversity through their ability to disrupt local
ecosystems, their contribution to the extinction of local species, and their propensity to cause
significant economic damage (Blackburn et al., 2019; Falaschi et al., 2020; Sakai et al., 2001; White &
Perkins, 2012). Understanding how invasive populations are able to adapt to a novel environment is
an essential step in predicting and preventing future invasions (Colautti & Lau, 2015; Estoup et al.,
2016). The introduction of an invasive population to a new environment often produces
a founder effect leading to a reduction in genetic diversity (Dlugosch & Parker, 2008; Schrieber &
Lachmuth, 2017; Uller & Leimu, 2011). This reduction in genetic diversity can lead to deleterious
effects such as inbreeding depression and reduction in fitness, making it difficult for founding
populations to adapt (Schrieber & Lachmuth, 2017). However, many invasive populations are able to
successfully adapt to novel environments with extremely low genetic diversity (Schrieber & Lachmuth,
2017). This ability of invasive species to rapidly adapt despite low genetic diversity, often referred to
as ‘the genetic paradox of invasion,’ indicates there are other mechanisms at play that allow a
population to circumvent the negative impacts of founder effects (Schrieber & Lachmuth, 2017). One
potential explanation for invasion success is that invasive populations lose genetic diversity at neutral
loci but maintain high levels of diversity at ecologically-relevant loci (Estoup et al., 2016). Neutral loci
are often used as a metric to quantify the genetic diversity of a population, and can be informative for
identifying demographic patterns, but are not good predictors of a population’s evolutionary potential
(Dlugosch & Parker, 2008; Estoup et al., 2016; Knopp et al., 2007; Uller & Leimu, 2011). Thus, to get
a clear idea of how invasive populations adapt to novel environments, it is essential we study
ecologically-relevant and potentially adaptive functional loci.
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Some of the best studied adaptive genes across wildlife populations are major histocompatibility
complex (MHC) genes, an extremely polymorphic family of immune genes conserved across all
jawed vertebrates that form an essential part of the vertebrate adaptive immune system (Ohta et al.,
2000; Radwan et al., 2020). MHC class I and class II proteins are made up of 4 extracellular domains,
including 2 membrane-distal proteins which make up the peptide binding region (PBR), allowing the
protein

to

bind

to

foreign

antigens

and

present

them

to

T-cells

to

initiate

an adaptive immune response (Ohta et al., 2000; Radwan et al., 2020). MHC class I proteins are found
on the surface of all cells and bind to antigens of intracellular viruses, whereas MHC class II proteins
are only found on immune system cells that present antigens to T cells, and bind to extracellular
pathogens including bacteria, fungi, and other parasites (Ohta et al., 2000; Radwan et al., 2020;
Richmond et al., 2009).
MHC loci are the most polymorphic of all vertebrate genes, with polymorphism most pronounced in
the PBR, where numerous alleles encode for proteins with distinct pathogen binding abilities
(Eizaguirre et al., 2012; Radwan et al., 2020). Although different and somewhat overlapping selective
pressures or combinations of selective pressures can act on MHC in different situations (e.g.,
directional selection, balancing selection, heterozygote advantage, negative frequency dependent
selection, etc.; Eizaguirre et al., 2012; Radwan et al., 2020; Teacher et al., 2009), studies across multiple
taxa and disease systems have clearly demonstrated that MHC diversity is largely driven by some form
of pathogen-mediated selection (Biedrzycka et al., 2018; Eizaguirre et al., 2012; Kosch et al., 2016;
McKnight et al., 2017; Savage & Zamudio, 2016; Schwensow et al., 2017; Teacher et al., 2009). Thus,
the successful establishment of invasive species likely requires a rich repertoire of MHC alleles to
enable adaption to new diseases found in novel environments (White & Perkins, 2012).
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While comparisons of MHC diversity between native and invasive populations remain rare, a handful
of recent studies indicate that invasive populations do maintain some level of MHC diversity. For
example, Biedrzycka and colleagues (2020) showed that populations of invasive raccoons (Procyon lotor)
had reduced MHC diversity compared to a native population, but still maintained a high frequency of
MHC alleles that confer resistance to rabies (Biedrzycka, et al., 2020a). Similarly, Monzón-Argüello
and colleagues (2014) demonstrated reduced functional diversity at an MHC class IIβ locus of invasive
populations of two trout species (Oncorhynchus mykiss and Salmo trutta), but similar levels of MHC
heterozygosity and allelic richness compared to data collected previously from native populations of
the same two species (Monzón-Argüello et al., 2014). Other studies of invasive populations indicate
that disease-mediated selection is able to act on standing variation despite a reduction in MHC
diversity imposed by founder effect (Biedrzycka et al., 2020b; Schwensow et al., 2017). Additionally,
multiple studies of noninvasive populations indicate that maintenance of MHC diversity is retained in
populations that have undergone genetic bottlenecks (Aguilar et al., 2004; Bateson et al., 2016;
Benazzo et al., 2017; Marmesat et al., 2017). Combined, these studies suggest that maintenance of
MHC diversity could play an important adaptive role in populations that have experienced a decrease
in genetic diversity, particularly in the context of the genetic paradox of invasion.
One invasive species of particular interest in the context of both disease and genetic variation is the
American bullfrog (Rana catesbeiana). Native to eastern North America, R. catesbeiana has been traded
globally in the food and pet trades (Gervasi et al., 2013; Schloegel et al., 2009; Yap et al., 2018), and
has since become established in over 40 countries across four continents (Funk et al., 2011; Schloegel
et al., 2012), and in many instances becomes established with extremely low genetic diversity at neutral
loci (Bai et al., 2012; Ficetola et al., 2008; Funk et al., 2011; Kamath et al., 2016). Due to a variety of
factors, such as its large size, an adaptability to a variety of environments, its rapid population growth,
3

its ability to compete with local species, an ability to tolerate and spread disease, and an extremely
generalist, predatory diet, R. catesbeiana can cause long-lasting negative outcomes in aquatic ecosystems
(Kats & Ferrer, 2003), and has been described as one of the most harmful invasive vertebrates
(Bissattini et al., 2019; Jancowski & Orchard, 2013), and one of the 100 worst invasive species in the
world (Ficetola et al., 2007; Lowe et al., 2000).
Historical records indicate that the first invasive introduction of R. catesbeiana in western North
America occurred in Contra Costa county, California in 1896, likely to supplement the overharvested
California Red-legged frog (Rana draytonii), and that the founding population was made up of 36
individuals from Florida and Maryland (Hayes & Jennings, 1986; Jennings & Hayes, 1985). Since the
initial introduction to California in 1896, R. catesbeiana expanded its range throughout western North
America quickly and dramatically, possibly with the help of additional introduction events (Hayes &
Jennings, 1986; Jennings & Hayes, 1985). Genetic studies have provided some additional insight into
the invasion history of R. catesbeiana in North America. Funk and colleagues (2011) demonstrated that
R. catesbeiana populations in Willamette Valley, Oregon, shared cytb haplotypes found in native
populations in the Mississippi River basin and Great Lakes region (Funk et al., 2011). A similar study
by Kamath and colleagues (2016) showed that some invasive populations in Wyoming and Montana
also carried haplotypes endemic to the great lakes and Midwest regions, but the pairwise ΦST for these
populations were significantly divergent indicating at least four independent introduction events in
this region (Kamath et al., 2016). Both studies showed invasive populations in the western United
States had lower haplotype and nucleotide diversity, but that these patterns were not significantly
different from source populations (Funk et al., 2011; Kamath et al., 2016). Thus, the number of distinct
R. catesbeiana invasion events and spatial patterns of population expansion in the invasive range remain
largely uncertain.
4

In part because of its global spread, R. catesbeiana has been implicated as a vector species responsible
for transmitting the amphibian panzootic disease chytridiomycosis (Daszak et al., 2004; Garner et al.,
2006; Schloegel et al., 2012; Yap et al., 2018). Chytridiomycosis is caused by the fungal pathogens
Batrachochytrium dendrobatidis (Bd) across amphibians and B. salamandrivorans in salamanders (Berger et
al., 1998; Scheele et al., 2019). Bd likely originated in East Asia, and has spread globally over the past
century causing population declines and extirpations globally (O’hanlon et al., 2018). Extirpations due
to chytridiomycosis vary drastically by geographic region, with many extirpation events occurring in
geographic hotspots including parts of the western United States, Australia, and Central and South
America, while populations such as those in the eastern United States have no record of mass-die offs
due to chytridiomycosis (O’hanlon et al., 2018; Talley et al., 2015). Despite this geographical variation
in extirpation events, Bd has contributed to the population decline or extinction of at least 500
amphibian species, making it one of the deadliest and most generalist vertebrate pathogens in recorded
history (Houlahan et al., 2000; O’hanlon et al., 2018; Scheele et al., 2019). The global spread of Bd
over the past century has been attributed to the international trade of certain amphibian species,
including R. catesbeiana (Daszak et al., 2004; Garner et al., 2006; O’hanlon et al., 2018). Additional data
implicating R. catesbeiana as a vector species for Bd include experimental infection studies
demonstrating that R. catesbeiana can survive with a high pathogen load of Bd (e.g., tolerance; Daszak
et al., 2004; Eskew et al., 2015) and can decrease Bd load (e.g., resistance, Eskew et al., 2015; Gervasi
et al., 2013). Additionally, R. catesbeiana farms can harbor high prevalence and infection loads of
genotypically diverse Bd strains, potentially contributing to the spread of Bd in surrounding
environments (Ribeiro et al., 2019).
The immunological mechanism behind low Bd susceptibility in R. catesbeiana has not been
characterized. However, given that vertebrate adaptive immune responses are facilitated by MHC
5

proteins (Radwan et al., 2020), MHC genetic variation likely contributes to Bd tolerance and resistance
in R. catesbeiana. Multiple studies in other amphibian species have demonstrated that MHC diversity
plays a key role in host susceptibility to Bd, and that Bd imposes selective pressure that contributes to
MHC evolution. For example, experimental infections of the lowland leopard frog (Rana yavapaiensis),
a species which varies greatly in susceptibility to Bd, demonstrated that individuals with MHC class
IIβ allele Q had a significantly decreased risk of Bd mortality (Savage & Zamudio, 2011) . Subsequent
field studies demonstrated that at least one population of R. yavapaiensis showed a signal of directional
selection for allele Q (Savage & Zamudio, 2016). Additionally, Bataille et al (2015) demonstrated that
Bd selects for certain properties of the P9 binding pocket of the MHC class IIβ protein (Bataille et al.,
2015). Specifically, the most common amino acids found at the MHC class IIβ P9 binding pocket of
R. catesbeiana were nearly identical to the amino acids of the P9 binding pocket of the beneficial allele
Q (Bataille et al., 2015). This study also demonstrated that other binding pockets of the MHC class
IIβ PBR, specifically the P4 and P6 binding pockets, correlated with Bd resistance (Bataille et al.,
2015), however conformation at these sites did not improve survival in their infection study (Bataille
et al., 2015), nor are alleles encoding conformation at these sites found at high frequency in natural
populations (Bataille et al., 2015; Kosch et al., 2016). However, there is a consistent pattern of Bdinduced directional or positive selection acting on codons in the MHC class IIβ P9 binding pocket
across populations of multiple species including alpine tree frogs (Litoria verreauxii alpina; Bataille et al.,
2015), Northern leopard frogs (Rana pipiens; Trujillo et al., 2021), Chiricahua leopard frogs (Rana
chiricahuensis; Savage et al., 2018), and túngara frogs (Physalaemus pustulosus; Kosch et al., 2016).
In this study, we quantify MHC diversity of native and invasive populations of R. catesbeiana, compare
population genetic patterns between MHC and mitochondrial DNA to contrast selection with
demography, conduct haplotype and phylogenetic analyses to compare the spatial and evolutionary
6

history of the two loci, and investigate MHC associations with Bd infection in native and invasive
populations.

Because maintenance of MHC diversity may be critical for adaptation to novel

environments, we predict that balancing selection will maintain high MHC diversity across both native
and invasive ranges. Alternatively, invasive populations may show significantly decreased MHC
diversity compared to their native population counterparts due to founder effects. Finally, Bd has been
present in parts of the native range of R. catesbeiana since at least 1888 (Talley et al., 2015), and in the
invasive North American range since at least 1915 (Adams et al., 2017), giving Bd sufficient time to
exert selective pressure on populations in both ranges, thus a third plausible scenario is that Bdimposed directional selection could be driving beneficial MHC alleles towards fixation, and this may
be a stronger pattern in invasive populations due to the more severe impacts of chytridiomycosis in
western compared to eastern North America (Lips, 2016; Talley et al., 2015). Specifically, we 1)
quantify MHC diversity to determine if MHC diversity is maintained in invasive populations, 2)
compare MHC diversity to a neutrally-evolving mitochondrial locus to differentiate patterns of
selection and demography, 3) utilize the same mitochondrial locus to determine the likely invasion
history of R. catesbeiana in North America, 4) compare the evolutionary history of R. catesbeiana MHC
to MHC in other ranid frogs to determine if differences in MHC evolution contribute to this species’
ability to combat Bd, 5) detect patterns of positive selection acting on MHC codons associated with
Bd tolerance to determine if Bd acts as a selective pressure in this species, 6) determine if Bd
prevalence or infection intensity differs between native and invasive populations, and 7) determine if
MHC alleles are associated with the risk of Bd infection.
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METHODS
Tissue Collection and DNA Extraction
We collected or obtained tissue samples via toe clipping (Phillott et al., 2007) from 10 invasive and 10
native populations of R. catesbeiana throughout their North American range (Figure 1). We collected
tissue samples from 9 native (SLIL, FHKY, BRAL, SLVA, SPMD, GVFL, and SFNY), and 5 invasive
(CDAZ, FLAZ, BCAZ, WWAZ, and RRID; Table 1) populations from July 2017-January 2019.
Additional samples were obtained from previous collections, including samples from: Gold Head
Branch State Park (GHFL), Florida, collected by the members of the Savage laboratory at the
University of Central Florida from November 2015-April 2017; Willamette Valley, Eugene, Oregon
(WVOR), collected by Dr. Jenny Urbina and members of the Garcia laboratory at Oregon State
University from July-November 2013; Langford Lake and Glen Lake, Victoria, British Columbia
(VLBC), collected by Stan Orchard and associates of BullfrogControl.com Inc. in August 2017; and
three populations from San Diego County, California (SCCA, RJCA, and HPCA) collected by
members of the USGS Western Ecological Research Center, San Diego Field Station, from July 2017September 2018. Native and invasive ranges were based on range maps determined by the IUCN
(IUCN SSC Amphibian Specialist Group, 2015; Figure 1). Frogs were considered members of the
same population if they were captured within 5 miles of each other. Scissors and forceps were sterilized
using ethanol and an open flame between collection of toe clips from different frogs. Toe clips were
preserved in 90-100% ethanol. We extracted genomic DNA from all tissue samples using the Qiagen
DNeasy

tissue

kit

(Germantown,

MD

USA)

protocol. DNA elutions were stored at –20o C.
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according

to

the

manufacturer’s

Figure 1. Map of sampled R. catesbeiana populations. Black dots represent sampling locations. Area
highlighted in blue represents R. catesbeiana native range. Area highlighted in pink represents
invasive range.

MHC amplification and Illumina sequencing
We attempted to amplify the MHC class IIβ exon 2, the exon containing most of the variability of the
PBR, from all obtained toe clips. We utilized a 2-step amplicon library preparation protocol targeting
a single MHC class IIβ locus in ranid frogs (Mulder et al., 2017), optimized for Illumina sequencing
(Trujillo et al., 2021). This protocol amplifies the entire 267 bp exon 2 as well as flanking intronic
regions, for a total 272 bp amplicon (excluding primers) from a single locus, which has previously
been verified to be one expressed MHC locus (Kiemnec-Tyburczy et al., 2010; Mulder et al., 2017).
Initial PCRs consisted of 20 µL reactions, each including 3.6 µL of 10X PCR buffer, 2 µl of
10 mM dNTPs, 1.6 µL of BSA (100 mg/mL), 0.4 µL of 10 mM DMSO, 0.32 µL of 10 µM ForN
and RevA primers (Mulder et al., 2017), and 0.2 µL Hotstart Taq DNA polymerase (Denville
Scientific, Inc., Metuchen, NJ), and 2 µL of template DNA. PCR cycling conditions included an
9

initial denaturation of 95°C for 3 minutes, followed by 35 cycles of 95°C for 30 seconds, 50°C for 30
seconds, 72°C for 1 minute, and a final extension of 72°C for 5 minutes. The second round of PCR
attached custom-designed Nextera-style Illumina adapters to these amplicons using fusion primers
consisting of the Illumina adapters, an 8 bp barcode, a primer pad and linker, and the MHC primers
used in the initial PCR. Each reaction used different combinations of forward and reverse fusion
primer barcodes to allow for individual genotyping across pooled samples. The second round of PCRs
were each 30 µL reactions consisting of 5 µL of OneTaq standard reaction buffer, 1 µL of 10 mM
dNTPs, 0.4 µL of 10 mM DMSO, 1.5 µL of 10 µM forward fusion primer, 15 µL of 1 µM reverse
fusion primer, 0.25 µL of OneTaq DNA Polymerase (New England Biolabs, Ipswich, MA), and
2 µL of amplicon from the initial MHC PCRs. Cycling conditions were as follows: 95°C for 3
minutes, followed by 15 cycles of 95°C for 30 seconds, 50°C for 30 seconds, 72°C for 1 minute, and
a final extension 72°C for 5 minutes. All PCRs were performed on Bio-Rad T100 Thermal Cyclers
and run on 2% agarose gels stained with gel-red (Biotium, Fremont, CA). Samples were then divided
into 1 of 4 pools, determined by band intensity: faint, low, medium, and high. We cleaned small
fragments and residual reagents from the pools using 1.0X SpeedBeads (Thermo Fisher Scientific,
Waltham, MA), and quantified each pool using a KAPA qPCR kit (Roche Sequencing Systems,
Pleasanton, CA) following manufacturer instructions. Sample pools were run across 3
Illumina MiSeq 2 x 250 bp v3 runs and one MiSeq 2 x 250 bp v2 run. We amplified 84 samples in the
first sequencing run, 22 samples in the second sequencing run, 3 samples in the third sequencing run,
and 286 samples in the fourth sequencing run. To assess possible PCR and sequencing artefacts, we
amplified six samples twice using different fusion primer pairs each time and sequenced each of these
six libraries on two independent MiSeq runs.
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We visualized the overall quality of the raw reads and determined appropriate trimming parameters
using Fastqc and Multiqc (Ewels et al., 2016). Paired-end reads were joined using
PEAR v 0.9.8 (Zhang et al., 2014) using default trimming parameters and a PHRED score cutoff of
20. High-quality merged reads were filtered and clustered into alleles using AmpliSAS (Sebastian et al.,
2016) with minimum amplicon frequency of set to 10%, and parameters recommended for Illumina
sequencing, including a minimum amplicon depth of 100, a clustering substitution rate of 1%, and
indel error rate of 0.001%. To verify we only amplified MHC sequences from a single locus, we
allowed the maximum amplicon number to be up to 6 alleles. To avoid false allele calling due to PCR
and/or sequencing artefacts, AmpliSAS-identified alleles were only considered to be true alleles if they
met all of the following criteria: 1) had an exact read length of 272 bp, 2) had top BLAST hits to other
frog MHC class IIβ alleles, 3) Had a minimum minor allele depth of at least 20 reads, and a total depth
of at least 80 reads, and 4) was present in at least 2 different individuals and/or at least twice in multiple
runs of the same individual. Sequences were uploaded into Geneious V 9.0.5 (Kearse et al., 2012)
where they were aligned and translated into an amino acid sequences that we visually scanned for stop
codons.

Cytochrome b Sanger Sequencing
To contrast MHC population genetic variation with a probable neutrally-evolving locus, we amplified
a 909 bp region of the Cytochrome B (cytb) mitochondrial gene. Each reaction was 20 µL
and consisted of the following: 4 µL of OneTaq standard reaction buffer, 1.6 µL of 10 mM dNTPs,
0.2 µL of 10 mM DMSO, 1 µL of 10 mM each of MVZ15-L Forward and AR-H Reverse cytb primers
(Vences et al., 2003), 0.2 µL OneTaq DNA Polymerase (New England Biolabs, Ipswich, MA), and 1
µL template DNA. All reactions were performed on Bio-Rad T100 Thermal Cycler with the following
cycling conditions: Initial denaturation of 96°C for 2 minutes, followed by 52°C for 45 seconds, and
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72°C for 2 minutes, 35 cycles of 94°C for 30 seconds, 52°C for 45 seconds, and 72°C for 90 seconds,
followed by a final extension period of 72°C for 10 minutes. PCRs were verified using a 2% agarose
gel stained with gel-red (Biotium Fremont, CA) and all-purpose Hi-Lo DNA marker (Bionexus, Inc,
Oakland,

CA)

standard. Amplicons were

Sanger

sequenced

in

both

directions

at

the Eurofins Genomics sequencing facility (Louisville, KY USA). Forward and reverse reads
were trimmed of primer sequence and any low-quality read ends, then aligned into consensus
sequences using the Geneious alignment function on Geneious V 9.0.5 (Kearse et al., 2012). All
cleaned, trimmed sequences were confirmed to be cytb sequences based on BLAST homology
results. In cases (N = 43) where base calls appeared to be heterozygous, the called nucleotide was left
ambiguous to account for possible polymorphisms.

Population Genetic Analyses
We used the following programs to calculate population genetic metrics for all populations with at
least 4 MHC-genotyped individuals at the MHC locus, and for all populations at the cytb locus: For
both loci, we used DNAsp v 5 (Librado & Rozas, 2009) to calculate metrics of gene diversity (expected
heterozygosity [HE] for MHC and haplotype diversity [Hd] for cytb), number of MHC alleles and cytb
haplotypes per population, nucleotide diversity (π), and Tajima’s D. We used Arlequin v 3.5 (Excoffier
& Lischer, 2010) to calculate pairwise FST and significance of FST values for both loci. For MHC alleles,
we used Genepop v 4.7.5 (Rousset, 2020) to measure observed heterozygosity (HO), and we used
FSTAT version 2.9.4 (Goudet, 2001) to calculate allelic richness (AR), which implements a rarefaction
method to calculate AR for diploid data by estimating the number of alleles, standardized to the
population with the smallest MHC sample size (N = 4).
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To test for significant differences in mean population genetic metrics for MHC (HO, AR, mean MHC
alleles per population, HE and π) and for cytb (mean cytb haplotypes per population, Hd and π)
between the native and invasive ranges we ran Welch’s T-tests and Mann-Whitney U tests. We tested
for assumptions of normality and homoscedasticity using Shapiro’s test and Levene’s Test. For metrics
that met both assumptions (MHC: mean alleles per population, AR, HO, π, cytb: mean haplotypes per
population, Hd), we used Welch’s T-test. For metrics that did not meet both assumptions (MHC: H E,
cytb: π), we ran Mann-Whitney U tests. Additionally, we ran Mann-Whitney U tests to compare
number of alleles, gene diversity (HE and Hd), and π between MHC and cytb loci in the native and
invasive ranges, respectively. To compare mean pairwise F ST values between native-native, invasiveinvasive, and native-invasive populations at both loci, we ran Kruskal-Wallis tests followed by Dunn’s
multiple comparison post hoc tests using the dunn.test package in R (Dinno, 2017).

Haplotype Networks and Evolutionary Relationships Across Loci
To create a haplotype network for MHC, we used the TCS algorithm on POPART v 1.7 (Leigh &
Bryant, 2015). Due to sequence length, we created a haplotype network for cytb using TCS (Clement
et al., 2000) and visualized the results using tcsBU (Múrias Dos Santos et al., 2016).
MHC and cytb sequences were each aligned using Geneious V 9.0.5 (Kearse et al., 2012). We used
MHC sequences from Xenopus tropicalis (NM_001045794.1) and Bombina orientalis (KJ679287.1) as
outgroups for the MHC genealogy and cytb sequences from Nanorana parkeri (NC_026789.1) and Rana
okaloossae (AY083284.1) for the cytb genealogy. We used PartitionFinder v.2.1.1 (Lanfear et al., 2017)
to find the model of evolution that best fit each alignment, and reconstructed Bayesian phylogenies
using MrBayes v.3.2.6 (Ronquist et al., 2012) run for 1x106 generations, with the first 100,000 iterations
discarded as burnin. Results were visualized in Tracer v.1.7 (Rambaut et al., 2018) to confirm MCMC
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chain convergence and ensure adequate posterior distribution sampling. We created an additional
genus-wide MHC phylogeny based on an alignment of all species in the genus Rana (Yuan et al., 2016)
to compare MHC class II in R. catesbeiana with all class II alleles from all congeners in Genbank (search
term used: “MHC class II Ranidae”). For this phylogeny we employed the same alignment,
evolutionary model, and phylogenetic reconstruction techniques with the same X. laevis and B. orientalis
MHC alleles used as outgroups.

Positive Selection Analysis
We tested for positive selection within our MHC alignment and Bayesian genealogy using the HyPhy
software package on the DataMonkey server (Kosakovsky Pond & Frost, 2005a). Single breakpoint
(SBP) analysis was used to identify any intragenic recombination, which can bias selection
measurements (Kosakovsky Pond & Frost, 2005a). We ran the following tests for positive selection:
FEL (Fixed Effects Likelihood), iFEL (internal FEL), SLAC (Single Likelihood Ancestry Counting;
(Kosakovsky Pond & Frost, 2005b), FUBAR (Fast Unconstrained Bayesian AppRoximation; Murrell
et al., 2013), and MEME (Mixed Effects Model of Episodic Diversifying Selection; Murrell et al.,
2012). Codons that had significant values across four tests were considered to be under positive
selection. We also ran aBSREL to test for positive selection acting on specific branches within the
MHC phylogeny. Significance was set at alpha ≤ 0.05 or posterior probability ≥ 0.95, based on the
method used. We used Geneious V 9.0.5 (Kearse et al., 2012) to align our translated MHC sequences
with two other R. catesbeiana sequences (HQ025930 & HQ025931) that were previously examined at
15 codon positions known to affect the P4, P6, and P9 binding grooves in humans (Jones et al., 2006;
Tong et al., 2006) to determine if there was overlap between codons under positive selection and PBR
residues (Bataille et al., 2015, Figure S1).
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Pathogen Quantitative PCR
We tested for the presence of Bd in each toe clip using the quantitative PCR protocol, primers, and
Taqman probe developed by Boyle and colleagues (Boyle et al., 2004). All standards, samples, and
control reactions were 25 µL and consisted of the following: 8 µL of qPCR Supermix (Bio-Rad,
Hercules, California), 2 µL each of 10 µM forward and reverse primer, 3 µL of Molecular grade water,
5 µL of 1 µM qPCR Taqman Probe, and 5 µL of template DNA. All qPCR reactions were performed
on the Bio-Rad CFX96 Real-Time System with the following cycling conditions: 95°C for 5 minutes,
followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Each plate included 2 negative
controls as well as serial dilutions of synthetic pathogen DNA (gblock Gene Fragments) ranging from
1x107 to 1x100 run in duplicate or triplicate for absolute pathogen quantification (Boyle et al., 2004).
All samples were run at least twice and were considered true positives if both replicates amplified
before cycle 38. We only retained data from qPCR plates that had a resulting R2 value of at least 0.9
across the standards and had no amplification in any of the negative controls. If the difference in
recovered values was greater than an order of magnitude between values, it was rerun. The most
similar values across runs were averaged and multiplied by 40 to estimate total Bd infection intensity
for each sample. Infection intensity values were log-transformed for normality in subsequent analyses.
We calculated Bd prevalence as the proportion of infected individuals within each population. We ran
Mann-Whitney U tests to determine if there were significant differences in mean Bd prevalence and
mean infection intensity between native and invasive populations, and Kruskal- tests followed by
Dunn’s multiple comparison post hoc tests using the dunn.test package in R (Dinno, 2017) to
determine if there were significant differences in mean Bd prevalence and mean Bd intensity between
populations. We used the GenBinomApps package in R to calculate Clopper-Pearson binomial
confidence intervals for population and range level prevalence values (Lewitschnig et al., 2014).
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Relative Risk
To determine if any MHC alleles correlated with a significantly increased or decreased risk of Bd
infection we calculated the relative risk and Wald confidence intervals for each MHC allele that
occurred in at least five individuals using the EpiR package in R (Sergeant et al., 2021) followed by
post hoc Fisher’s exact test. We also calculated the relative risk for heterozygotes compared to
homozygotes to determine if MHC heterozygosity correlated with either a decreased or increased risk
of Bd infection. To assess possible differences in MHC-Bd relationships in the invasive compared to
native range, we calculated relative risk on three different datasets: one dataset with all samples
included, one including only native population samples, and one including only invasive population
samples.
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RESULTS
In total we analyzed R. catesbeiana tissues from 437 frogs, including 201 individuals across 10 native
populations (mean sample size = 20.1), and 236 individuals across 10 invasive populations (mean
sample size = 23.6; Figure 1, Table 1). Based on our validation criteria, we recovered a total of 28-30
(see below) unique MHC alleles across 277 individuals (140 from native populations and 137 from
invasive populations; Figure 2, Table 2). An additional two alleles (RACA_025 & RACA_026) did
not meet minimum sequencing depth thresholds, so were not included in population genetic analyses,
but because these alleles were found in multiple individuals (seven and four, respectively) we included
them as real alleles in our genealogical analyses. None of the translated MHC sequences contained
stop codons, suggesting that all alleles were functional. Of the 30 recovered MHC alleles, 22 were
functionally unique with different amino acid sequences, while eight alleles could be subdivided into
four pairs, with each pair of alleles encoding identical amino acid sequences (LiCA_B & Rapi_33;
RACA_003 & RACA_018; RACA_001 & RACA_024; RACA_006 & RACA_014). Four alleles were
recovered previously in studies of R. catesbeiana (N = 2; Mulder et al., 2017) and R. pipiens (N = 2;
Trujillo et al., 2021). Mean MHC sequencing depth per frog was 1,278 (range = 80-4,767). The six
individuals sequenced across multiple runs had identical MHC genotypes across runs, with the
exception of one individual (AES1444) which came back with three alleles in one sequencing run,
however the other two alleles for this sample were identical across sampling runs. Given that our
dataset and previous studies demonstrate that these primers amplify a single locus, we infer this third
allele was a rare amplification and/or sequencing artefact.
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Table 1. Sample location, sample size, date of collection, and latitude & longitude for each R.
catesbeiana population sampled.
Population

State/Province
IL
KY
AL
VA
MD
FL
GA
GA
NY
FL

Invasive
Status
Native
Native
Native
Native
Native
Native
Native
Native
Native
Native

Sample
Size
10
11
12
10
9
13
16
13
22
85

SLIL
FHKY
BRAL
SLVA
SPMD
GVFL
ENGA
ALGA
SFNY
GHFL
CDAZ
FLAZ
BCAZ
WWAZ
SCCA

AZ
AZ
AZ
AZ
CA

Invasive
Invasive
Invasive
Invasive
Invasive

28
8
12
18
35

RJCA

CA

Invasive

20

HPCA

CA

Invasive

25

WVOR

OR

Invasive

30

RRID
VLBC

ID
BC

Invasive
Invasive

30
30
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Date Collected

Lat

Long

August 2017
August 2017
September 2017
September 2017
October 2017
June 2018
June 2018
June 2018
September 2018
November 2015
- April 2017
July 2017
June 2018
June 2018
June 2018
July 2017 September 2018
August 2017 August 2018
April 2017 September 2018
July 2013 November 2013
January 2019
August 2017

40.448807
38.119961
34.556061
36.712372
39.046631
29.631969
31.390945
31.428152
42.892372
29.825292

-89.895332
-83.540512
-86.777321
-76.280281
-76.795464
29.631969
-83.360115
-83.248883
-76.754547
-81.954106

31.87349
32.26106
34.0705
34.57874
33.19778

-109.0534
-110.86952
-112.15134
-112.42749
-116.7553

32.677061

-116.865098

32.868829

-116.898961

44.015118

-123.030718

42.608225
48.443067

-114.482825
-123.526161

Figure 2. MHC allele frequencies separated by native and invasive range. Bars represent frequency of
each allele across all populations in the native and invasive ranges, respectively. Pink represents
invasive populations. Blue represents native populations.

Based on sample sizes in our MHC dataset, we were able to calculate population genetic metrics for
eight native and nine invasive populations (Table 2). Population genetic metrics for MHC were as
follows: mean number of alleles per population was 3.47, mean HO was 0.30, mean AR was 2.81, mean
gene diversity (HE) was 0.54, and mean π was 0.044 (Table 2). The mean Tajima’s D value for MHC
was 0.94 across all populations, with five negative values and 10 positive values (Table 3). Mean MHC
pairwise FST was 0.35 with 114/136 significant pairwise FST values (Table 4).
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Table 2. Name, invasive status, sample size (N), number of alleles recovered, observed heterozygosity (HO), allelic richness (AR), gene
diversity (HE), and nucleotide diversity (π) for each population at the MHC locus.
Population

State/
Province

Status

Sample
Size
(N)

SLIL
FHKY
BRAL
SLVA
SPMD
GVFL
ENGA
ALGA
SFNY
GHFL
CDAZ
FLAZ
BCAZ
WWAZ
SCCA
RJCA
HPCA
WVOR
RRID
VLBC

IL
KY
AL
VA
MD
FL
GA
GA
NY
FL
AZ
AZ
AZ
AZ
CA
CA
CA
OR
ID
BC

Native
Native
Native
Native
Native
Native
Native
Native
Native
Native
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive

3
4
6
3
5
8
7
7
13
84
22
8
8
13
26
19
1
17
12
11

Numbe
r of
MHC
alleles
3
4
2
2
3
2
5
6
3
4
1
3
2
4
4
6
2
6
1
3
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Observed
Heterozygosity
(HO)

Allelic
Richness
(AR)

Gene
Diversity
(HE)

Nucleotide
Diversity
(π)

NA
0.25
0
NA
0.60
0.13
0.14
0.43
0.15
0.73
0.00
0.38
0.13
0.31
0.54
0.58
NA
0.59
0.00
0.18

NA
4.00
1.91
NA
2.80
2.00
4.55
5.08
2.67
3.17
1.00
2.46
2.00
3.20
3.07
3.10
NA
3.73
1.00
1.97

NA
0.82
0.30
NA
0.60
0.50
0.85
0.88
0.60
0.67
0.00
0.49
0.53
0.69
0.60
0.62
NA
0.68
0.00
0.26

NA
0.030
0.001
NA
0.081
0.056
0.069
0.085
0.080
0.028
0.000
0.040
0.002
0.046
0.077
0.051
NA
0.077
0.000
0.015

Table 3. Tajima’s D values for both MHC and cytb loci. Significant Tajima’s D values are shown in
bold. * < 0.05, ** < 0.01, *** < 0.001.
Population
SLIL
FHKY
BRAL
SLVA
SPMD
GVFL
ENGA
ALGA
SFNY
GHFL
CDAZ
FLAZ
BCAZ
WWAZ
SCCA
RJCA
HPCA
WVOR
RRID
VLBC

State/Province
IL
KY
AL
VA
MD
FL
GA
GA
NY
FL
AZ
AZ
AZ
AZ
CA
CA
CA
OR
ID
BC

Invasive Status
Native
Native
Native
Native
Native
Native
Native
Native
Native
Native
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
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MHC Tajima’s D
NA
-0.55
-0.19
NA
1.11
3.07***
1.46
1.27
2.65**
0.76
NA
-1.02
1.47
3.25***
2.49*
-0.29
NA
1.22
NA
-2.59***

Cytb Tajima’s D
0.83
1.43
-1.40
2.10*
-0.23
-1.14
-0.15
-0.45
-0.41
0.32
NA
1.01
-1.43
1.73
1.48
-1.39
-0.90
2.02*
NA
1.78

Table 4. Pairwise FST values. Pairwise MHC FST values are below the gray line. Cytb pairwise FST values are above the gray line. Bolded values
are significant, α = 0.05.
SLIL
SLIL

FHKY

BRAL

SLVA

SPMD

GVFL

ENGA

ALGA

SFNY

GHFL

CDAZ

FLAZ

BCAZ

WWAZ

SCCA

RJCA

HPCA

WVOR

RRID

0.271

0.249

0.289

0.243

0.579

0.190

0.252

0.305

0.427

0.763

0.141

0.308

0.192

0.017

0.543

0.359

0.295

0.615

0.215

0.258

0.210

0.553

0.161

0.236

0.289

0.412

0.735

0.252

0.516

0.157

0.418

0.531

0.358

0.773

0.773

0.210

0.157

0.523

0.102

0.215

0.270

0.394

0.703

0.229

0.507

0.235

0.398

0.505

0.328

0.297

0.743

0.207

0.579

0.157

0.252

0.305

0.427

0.763

0.270

0.562

0.294

0.434

0.553

0.376

0.334

0.799

0.546

0.107

0.207

0.161

0.396

0.744

0.221

0.528

0.254

0.401

0.522

0.337

0.296

0.783

0.446

0.518

0.527

0.407

0.943

0.585

0.826

0.528

0.620

0.765

0.625

0.549

0.953

0.008

0.217

0.343

0.618

0.170

0.431

0.205

0.342

0.436

0.276

0.245

0.661

0.272

0.394

0.693

0.232

0.502

0.261

0.397

0.501

0.337

0.306

0.732

0.422

0.664

0.290

0.515

0.307

0.425

0.513

0.376

0.345

0.697

0.680

0.418

0.589

0.417

0.503

0.578

0.478

0.443

0.701

0.784

0.941

0.674

0.721

0.870

0.773

0.672

1.000

0.329

0.180

0.320

0.258

0.365

0.326

0.819

0.310

0.426

0.746

0.612

0.538

0.951

0.338

0.505

0.336

0.338

0.709

0.592

0.465

0.389

0.348

0.598

0.533

0.887

0.399

0.788
0.648

FHKY

NA

BRAL

NA

0.459

SLVA

NA

NA

NA

SPMD

NA

0.238

0.508

NA

GVFL

NA

0.301

0.532

NA

0.155

ENGA

NA

0.165

0.337

NA

0.268

0.319

ALGA

NA

0.132

0.344

NA

0.182

0.241

0.071

SFNY

NA

0.263

0.470

NA

0.066

0.189

0.291

0.213

GHFL

NA

0.240

0.400

NA

0.161

0.214

0.265

0.116

0.189

CDAZ

NA

0.815

0.918

NA

0.543

0.578

0.753

0.683

0.430

0.337

FLAZ

NA

0.256

0.541

NA

0.076

0.171

0.336

0.245

0.129

0.183

0.376

BCAZ

NA

0.301

0.532

NA

0.155

0.232

0.319

0.154

0.189

0.008

0.578

0.171

WWAZ

NA

0.253

0.460

NA

0.304

0.347

0.245

0.143

0.318

0.158

0.688

0.353

0.207

SCCA

NA

0.327

0.075

NA

0.402

0.430

0.236

0.229

0.402

0.358

0.684

0.442

0.430

0.368

RJCA

NA

0.186

0.432

NA

0.087

0.163

0.284

0.194

0.132

0.164

0.327

0.150

0.301

0.372

HPCA
WVOR

NA
NA

NA
0.248

NA
0.416

NA
NA

NA
0.266

NA
0.317

NA
0.240

NA
0.070

NA
0.287

NA
0.236

NA
0.620

0.017
NA
0.316

NA
0.277

NA
0.271

NA
0.279

NA
0.264

NA

RRID

NA

0.765

0.897

NA

0.810

0.782

0.659

0.531

0.691

0.525

1.000

0.796

0.782

0.650

0.568

0.633

NA

0.237

VLBC

NA

0.487

0.680

NA

0.151

0.256

0.487

0.376

0.193

0.201

0.122

0.089

0.191

0.449

0.534

0.141

NA

0.411
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0.877

For the cytb locus, we recovered high quality sequences from 371 individuals, including at least 8
individuals from all sampled populations (164 from native and 207 from invasive populations; Table
5). We recovered a total of 43 cytb haplotypes, nine of which had been sequenced previously in other
studies (Austin et al., 2004; Kamath et al., 2016). Population genetic metrics for cytb were as follows:
mean number of haplotypes per population was 3.45, mean gene diversity (Hd) was 0.54, and mean π
was 0.003 (Table 5). The mean Tajima’s D value for cytb was 0.29 across all populations, with nine
negative and nine positive values (Table 3). Mean cytb pairwise FST was 0.46 with 187/190 significant
pairwise FST values (Table 4).

Table 5. Name, invasive status, sample size (N), number of haplotypes, gene diversity (Hd), and
nucleotide diversity (π) for each population at the cytb locus.
Population

State/Province

Invasive
Status

Sample Size
(N)

SLIL
FHKY
BRAL
SLVA
SPMD
GVFL
ENGA
ALGA
SFNY
GHFL
CDAZ
FLAZ
BCAZ
WWAZ
SCCA
RJCA
HPCA
WVOR
RRID
VLBC

IL
KY
AL
VA
MD
FL
GA
GA
NY
FL
AZ
AZ
AZ
AZ
CA
CA
CA
OR
ID
BC

Native
Native
Native
Native
Native
Native
Native
Native
Native
Native
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive

10
11
12
10
9
12
15
13
22
50
23
8
11
19
34
20
15
26
30
21

Cytb
Number of
Haplotypes
3
4
5
3
5
2
8
5
5
3
1
3
2
3
2
3
4
5
1
2

Cytb Gene
Diversity
(Hd)
0.711
0.745
0.788
0.711
0.806
0.167
0.895
0.705
0.684
0.494
0
0.75
0.182
0.702
0.487
0.279
0.552
0.628
0
0.467

Cytb
Nucleotide
Diversity (π)
0.00117
0.01037
0.00406
0.00387
0.00394
0.00018
0.00534
0.00429
0.00512
0.00071
0
0.00277
0.00041
0.00174
0.0006
0.00096
0.00171
0.00892
0
0.00213

Two of the population genetic metrics (HO & AR) can only be applied to diploid loci, so for these
metrics we could only make comparisons at the MHC locus. Neither HO nor AR differed significantly
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between native and invasive populations (HO: t = -0.03, df = 14.41, p-value = 0.97; AR: t = -1.68, df =
13.78, p-value = 0.12; Figure 3). We were able to make direct comparisons between MHC and cytb
mean number of alleles/haplotypes, gene diversity (HE for MHC and Hd for cytb), and nucleotide
diversity (π) between native and invasive populations at both loci. There was no significant difference
in mean number of MHC alleles per population between native and invasive populations (t = -0.37,
df = 14.65, p-value = 0.72; Figure 3), whereas the mean number of cytb haplotypes per population was
significantly lower in invasive populations (t = -2.53, df = 16.61, p-value = 0.02; Figure 3). Mean MHC
gene diversity (HE) was lower in invasive populations but this difference was not significant (W = 19,
p-value = 0.10; Figure 3), while mean cytb gene diversity (Hd) was significantly lower in invasive
populations (W = 18, p-value = 0.02; Figure 3). Finally, mean MHC π was lower in invasive populations
(t = -1.33, df = 14.83, p-value = 0.20; Figure 3) and mean cytb π was lower in invasive populations (W
= 0.064, p-value = 0.06; Figure 3), but neither difference was statistically significant.
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Figure 3. Mean population genetic metrics per population compared between native and invasive
ranges. Pink represents invasive populations. Blue represents native populations. Error bars represent
standard error. (A) MHC observed heterozygosity, (B) MHC allelic richness (AR), (C) number of
MHC alleles, (D) number of cytb haplotypes, (E) MHC gene diversity (HE), (F) cytb gene diversity,
(Hd), (G) MHC nucleotide diversity (π), (H) cytb nucleotide diversity (π).

At the MHC locus, native compared to other native populations had significantly lower mean pairwise
FST values than invasive compared to other invasive populations (Dunn’s z-test statistic = 3.10, p-value
= 0.001; Figure 4) or than native compared to invasive population pairs (Dunn’s z-test statistic = 2.15,
p-value = 0.02; Figure 4). Likewise, invasive-invasive population pairs had higher mean FST values than
native-invasive population pairs, although this comparison only approached significance (Dunn’s ztest statistic = -1.48, p-value = 0.07; Figure 4). Similarly, at the cytb locus native compared to other
native populations also had significantly lower mean pairwise F ST values than invasive compared to
other invasive populations (Dunn’s z-test statistic = 6.16, p-value < 0.001; Figure 4) and compared to
native-invasive population pairs (Dunn’s z-test statistic = 4.63, p-value < 0.001; Figure 4). Cytb
invasive-invasive population pairwise FST values were also significantly higher than the native-invasive
population pairs (Dunn’s z-test statistic = -2.60, p-value = 0.005; Figure 4).
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Figure 4. Mean pairwise FST values compared between native-native, invasive-invasive and nativeinvasive population pairs for both loci. Pink represents mean invasive-invasive pairwise FST. Blue
represents mean native-native pairwise FST. Green represents mean native-invasive pairwise FST.
Error bars represent standard error. Significant differences between groups are indicated by
lowercase letters. (A) MHC Pairwise FST, (B) cytb Pairwise FST.
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There was a trend towards fewer MHC alleles compared to cytb haplotypes in the native range (W =
43, p-value = 0.26; Figure 5) while there was a trend towards more MHC alleles compared to cytb
haplotypes in the invasive range (W = 28.5, p-value = 0.30), but neither of these differences were
significant (Figure 5). There was no significant difference between gene diversity (MHC H E and cytb
Hd) in the native (W = 34, p-value = 0.87; Figure 5) or the invasive range (W = 38, p-value = 0.86; Figure
5). At the MHC locus, π was significantly higher than at the cytb locus in the native range (W = 6 pvalue = 0.005; Figure 5) and was also higher than cytb π in the invasive range, and approached
significance (W = 19, p-value = 0.06; Figure 5).

28

Figure 5. Comparisons of population genetic metrics between MHC and cytb loci split by invasive
status. Blue represents native range. Pink represents invasive range. Mean MHC values are indicated
with triangles. Mean cytb values are indicated with circles. Error bars represent standard error. (A)
Mean alleles recovered in native populations, (B) Mean alleles recovered in invasive populations, (C)
mean gene diversity (HE & Hd) in native populations, (D) mean gene diversity (HE & Hd) in invasive
populations (E), Mean π in native populations, (F) Mean π in invasive populations.

For the MHC locus, two native (GVFL, SFNY) and two invasive (SCCA, WWAZ) populations had
significantly positive Tajima’s D values (GVFL: Tajima’s D = 3.07, p-value < 0.001, SFNY: Tajima’s
29

D = 2.65, p-value < 0.01, SCCA: Tajima’s D = 2.49, p-value < 0.001, WWAZ: Tajima’s D = 2.49, pvalue < 0.05; Table 3), and one invasive population (VLBC) had a significantly negative Tajima’s D
value (Tajima’s D = -2.59, p-value < 0.001; Table 3). Both of the native populations with significantly
positive Tajima’s D values at the MHC locus had nonsignificant negative Tajima’s D values at the cytb
locus, indicating MHC in these populations could be undergoing balancing selection. Both of the
invasive populations with significantly positive Tajima’s D values at the MHC locus also had positive
Tajima’s D values at the cytb locus, making it impossible to determine if the significantly positive
MHC Tajima’s D values in these populations is due to balancing selection, or just demographic
expansion. VLBC, the only population with a significantly negative MHC Tajima’s D value, had a
positive value at the cytb locus, indicating MHC in this population is likely undergoing directional
selection. At the cytb locus, one native and one invasive population (SLVA & WVOR) had
significantly positive Tajima’s D values, and no population had significantly negative Tajima’s D values
(SLVA: Tajima’s D = 2.10, p-value < 0.05; WVOR: Tajima’s D = 2.02, p-value < 0.05; Table 3). We did
not obtain sufficient MHC genotypes from the SLVA population to make comparisons between loci
for the population, and WVOR had a positive Tajima’s D values at both loci.
The haplotype network for the MHC did not show any discernible pattern of clustering of invasive
compared to native MHC haplotypes, nor did haplotypes cluster based on population or geographic
region (Figure 6). Of the 28 recovered alleles, six MHC alleles were shared between native and invasive
populations, 20 alleles were unique to native populations, and six alleles were unique to invasive
populations (Figure 2, Figure 6). Private alleles were common with only nine alleles shared between
multiple populations (Figure 6). Of the 19 recovered private alleles, 15 were found in native
populations (Figure 6). All populations carried at least two MHC alleles, except for two populations:
CDAZ, which was fixed for LiCA_B (which was found in 15/20 populations), and RRID, which was
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fixed for RACA_002, which also occurs in one native (ENGA) and four invasive populations (HPCA,
RJCA, RRID, SCCA, & WVOR; Figure 6). By far the most common alleles were LiCA_B with an
overall allele frequency of 0.39 (0.36 across native populations, and 0.41 across invasive populations;
Figure 2), and Rapi_33 with an overall allele frequency of 0.17 (0.25 across native populations, and
0.09 across invasive populations; Figure 2). These two alleles only differed by one silent SNP, with
both alleles translating into the same MHC polypeptide. In total at least one of these alleles was found
in all but four populations (two native: ENGA & SLVA, and two invasive: SCCA & RRID; Figure 6)
with a combined, overall allele frequency of 0.56 across all populations.
In contrast to the MHC network, the cytb haplotype network showed a distinct clustering of
haplotypes found in the invasive range, with all but two haplotypes (MT5 & Rcat1415) found in the
invasive range clustering together (Figure 7). This cluster of invasive haplotypes also included six
haplotypes found in four native populations, including one haplotype each from native populations
in Alabama (BRAL), Kentucky (FHKY), and New York (SFNY; Rcat141, Lcat_WY8, & Rcat091,
respectively) and all three haplotypes recovered from the Illinois population (SLIL; Figure 7). Two
haplotypes (Rcat1276 & Rcat1293) that Austin and colleagues (2014) previously recovered from
Arkansas populations, we found in our Oregon population (WVOR) and clustered with the other
invasive haplotypes (Austin et al., 2004; Figure 7). Additionally, two haplotypes (Lcat_MT4 &
Lcat_MT5) that clustered with the native haplotypes have been found previously in invasive
populations in western Montana (Kamath et al., 2016). The two invasive haplotypes that did not
cluster with the other invasive haplotypes (Lcat_MT5 & Rcat1415) were both found in the Oregon
population (WVOR; Figure 7), suggesting there could have been a subsequent invasion in this region.
There was no consistent pattern of clustering by population or geographic region, with the exception
of the four haplotypes which were unique to the two Florida populations (GHFL & GVFL), which
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formed their own cluster (Figure 7). Similar to MHC, the majority of recovered haplotypes were found
in the native range, with only five haplotypes (Lcat_MT1, Lcat_MT3, Lcat_WY8, Rcat141, &
Rcat1415) shared between native and invasive populations, while 27 were only found in native
populations, and 11 were unique to invasive populations (Figure 7). All five haplotypes that were
shared between native invasive populations were found in one of the populations found on the
westernmost edge of our native sampling (BRAL, FHKY, & SLIL; Figure 7). Only 13/43 haplotypes
were shared between populations, while 30/43 were private alleles found in a single population (8
invasive, 22 native; Figure 7). All populations harbored multiple haplotypes, with the exception of the
same two populations that only harbored one MHC allele (CDAZ was fixed for private haplotype
Rcat111, and RRID was fixed for Lcat_MT3, which it shared with one native and two invasive
populations; Figure 7).
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Figure 6. TCS Haplotype network of sequenced MHC alleles. Size of pie charts is proportional to
haplotype frequency (see inset). Color indicates population where haplotype is found. Invasive
populations are presented in grayscale. Native populations are presented in color. Black dots represent
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inferred haplotypes and dashes represent SNP mutations between haplotypes. Population
abbreviations follow Table 1.

Figure 7. TCS network of sequenced cytb haplotypes. Size of pie charts is proportional to haplotype
frequency (see inset). Color indicates population where haplotype is found. Invasive populations are
presented in grayscale. Native populations are presented in color. Circles represent inferred
haplotypes. Population abbreviations follow Table 1.

The MHC Bayesian phylogeny showed a deep divergence at the base of the phylogeny dividing
recovered MHC alleles into two distinct clades (Figure 8). Of the 30 recovered alleles, 17 were derived
from the bottom-most clade, including the common LiCA_B and Rapi_33 alleles, which shared a
clade with two alleles (RACA_021, an allele unique to a Georgia population (ENGA) and RACA_025,
one of the alleles not included in our population genetic analyses; Figure 8). As expected, based on
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the haplotype network, the phylogeny did not show any discernible pattern of clustering of MHC
alleles into invasive-only or native-only clades, with alleles unique to native and invasive ranges
dispersed throughout most clades. Two small clades each with only two alleles (RACA_008 &
RACA_023, and RACA_005 & Rapi_33) contained alleles unique to native populations, while one
small clade which also included two alleles (RACA_006 & RACA_014) contained alleles that were
unique to invasive populations (Figure 8). The aBSREL test for selection indicated that three branches
on the MHC genealogy were under positive selection (Figure 8). One was the basal branch leading to
the RACA_026 allele, one of the alleles that was not included in our population genetic analyses due
to low sequencing depth. Another branch under positive selection was located at the base of a clade
giving rise to eight MHC alleles, all of which were found at low overall frequencies below 0.06. One
of these eight alleles was shared between native and invasive populations (RACA_010), four were
found only in native populations (RACA_005, RACA_012, RACA_022, & Rapi_36), and three were
found only in invasive populations (RACA_006, RACA_007, & RACA_014; Figure 8). The final
branch under positive selection was nested in this clade and gave rise to the RACA_006 and
RACA_014 alleles (Figure 8). Both of these alleles were found at low frequencies in two different
invasive populations (RACA_006: RJCA & SCCA; RACA_014: VLBC & WVOR; Figure 6 & 8).
The phylogenetic analysis that included all MHC alleles found in other Rana species showed a similar
pattern of deep divergence near the base of the phylogeny with almost all alleles divided between two
major clades (Figure 9). The majority of ranid MHC alleles recovered from Genbank clustered in one
clade, however all the alleles we recovered in our study clustered within the other major clade (top
clade, Figure 9). This tight clustering of R. catesbeiana sequences also demonstrated extremely limited
trans-species polymorphism, with only five alleles from other species clustering with our recovered
alleles. These five alleles consisted of two alleles recovered from Rana clamitans, and three alleles from
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R. pipiens, including the two alleles recovered in this study that had previously been found in R. pipiens,
Rapi_33 and Rapi36 (Trujillo et al., 2021; Figure 9).
Unlike the MHC phylogenies, the cytb phylogeny showed no deep divergence between different cytb
haplotypes (Figure 10). The Bayesian phylogeny confirmed many of the findings from our haplotype
network, particularly in regard to cytb haplotype clustering by invasive status much more clearly than
MHC. All haplotypes found in invasive populations, with the exception of Lcat_MT5 & Rcat1415,
clustered together in a single clade (Figure 10). With the exception of two alleles found in Illinois and
New York respectively (Rcat011 & Rcat091) all haplotypes that were unique to the native populations
clustered outside this clade (Figure 10). This invasive clade was sister to the Rcat053 haplotype, which
was found in the Maryland population (SPMD; Figure 10), which lends some support to the historical
records indicating the original founding population of R. catesbeiana in California included individuals
from Maryland, however no haplotype from Maryland was found within the invasive haplotype clade.
The two invasive haplotypes that did not cluster within this clade (Lcat_MT5 & Rcat1415) were found
in a clade with five other haplotypes found in Georgia (ALGA & ENGA), and Virginia (SLVA; Figure
10). Cytb haplotypes clustered by geographic region and population more than in the MHC phylogeny,
but regional clades were still rare: (1) all four haplotypes unique to Florida populations clustered into
their own clade, and (2) all haplotypes found in Illinois clustered together within the invasive haplotype
clade (Figure 10).
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Figure 8. Consensus Bayesian genealogy for MHC alleles recovered from R. catesbeiana. Alleles
shown in blue are only found in native populations, alleles shown in pink are only found in invasive
populations, and alleles shown in green are found in both ranges. Branches under positive selection
under the aBSREL test are bolded in orange.
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Figure 9. Consensus Bayesian genealogy for all MHC class II β alleles found in genus Rana (R.
arvalis, R. blairi, R. catesbeiana, R. chiricahuensis, R. clamitans, R. forreri, R. iberica, R.
macrocnemis, R. palustris, R. pipiens, R. pyrenaica, R. sphenocephala, R. sylvatica, R. temporaria,
R. vaillanti, R. warszewitschii, R. yavapaiensis, and Odorrana tormota. Green dots represent alleles
recovered from R. catesbeiana in this study. Blue dots represent alleles previously recovered from R.
pipiens. Blue dots represent alleles previously recovered from R. clamitans.
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Figure 10. Consensus Bayesian genealogy for cytb haplotypes. Alleles shown in blue are only found in
native populations, alleles shown in pink are only found in invasive populations, and alleles shown in
green are found in both ranges. States where haplotypes were found are indicated for all haplotypes
recovered in the invasive range, and haplotypes that share a clade with invasive haplotypes. Bolded
state names are found in the invasive range.
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Six amino acid positions showed significant evidence of positive selection across four site-specific
tests (Table 6), and three of these codons aligned to mammalian-defined PBR residues (Jones et al.,
2006; Tong et al., 2006). Specifically, codon 19 was associated with the P4 binding pocket, codon 21
was associated with P6 binding pocket, and codon 31 was associated with the P9 binding pocket
(Table 6). Bd-induced selection acting on the P9 binding pocket has been recorded in multiple
amphibian species (Bataille et al., 2015; Kosch et al., 2016; Savage et al., 2018; Trujillo et al., 2021),
however the role of the P4 and P6 binding pockets in allowing MHC class IIβ to bind to Bd antigens
has been less clear (Bataille et al., 2015; Kosch et al., 2016). Selection acting on codons in all three
binding pockets could potentially allow R. catesbeiana MHC proteins to more effectively bind to Bd
antigens.
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Table 6. Summary table for six selection analyses executed on HyPhy along with corresponding statical cutoffs, and amino acid positions.
Bolded amino acids had statistically significant patterns of positive selection in four tests. Shaded Amino acids are located at PBR residues.
MHC class II exon 2 amino acid position
Method

Statistical
cut off

4

6

17

19

20

21

23

27

30

FEL

p≤0.05

X

X

X

X

X

X

FUBAR

Posterior
probability ≥
0.95

X

X

X

X

X

MEME

p≤0.05

X

X

X

X

X

SLAC

p≤0.05

X

X

BUSTED

p≤0.05

Gene-wide episodic diversifying selection on at least one branch

aBSREL

p≤0.05

Three branches under positive selection (see Figure 8)

X

X
X

41

31

43

X

X

X

X

X

X

X

X

46

X

49

X

50

X

55

X

X

64

X

72

83

85

X

X

X

X

X

X
X

80

X

X

X

X

X

A total of 142/437 individuals from 19/20 populations were Bd positive (48/201 from native
populations and 94/236 from invasive populations; Table 7). Mean Bd prevalence across all
populations was 0.33 (range: 0-0.9; Table 7), with a mean prevalence was 0.30 for the native
populations (range: 0 to 0.667; Figure 11), and 0.36 for the invasive populations (range: 0.056 to 0.9;
Figure 11). Bd infection intensity per individual ranged from 31,894.51 to 99,969,484.93 with a mean
of 9,234,604.69 (Table 7). Log-transformed individual infection intensity ranged from 4.5 to 8.0 with
a mean of 6.21. One population (ALGA) had no Bd positive individuals, and thus was the only
population not included in the population-level infection intensity analyses. Mean Population-level
infection intensity was 5.87 (range: 4.98-7.05; Table 7). Mean population infection-intensity was 5.52
for the native populations (range: 4.98-6.18; Figure 11) and 6.18 for the invasive populations (range:
5.28-7.05; Figure 11).

Table 7. Population level Bd prevalence and mean Bd infection intensity.
Population

Invasive Status

Sample size

Bd Prevalence

SLIL
FHKY
BRAL
SLVA
SPMD
GVFL
ENGA
ALGA
SFNY
GHFL
CDAZ
FLAZ
BCAZ
WWAZ
SCCA
RJCA
HPCA
WVOR
RRID
VLBC

Native
Native
Native
Native
Native
Native
Native
Native
Native
Native
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive
Invasive

10
11
12
10
9
13
16
13
22
85
28
8
12
18
35
20
25
30
30
30

0.3
0.27
0.75
0.1
0.67
0.31
0.06
0
0.36
0.15
0.07
0.25
0.08
0.06
0.71
0.9
0.12
0.83
0.1
0.47
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Mean Bd Infection
Intensity
133,503.83
610,152.25
122,870.43
132,799.66
870,433.30
2,117,324.06
856,632.94
NA
2,446,902.43
667,053.13
346,564.39
1,356,912.56
1,267,741.38
756,910.63
118,915,237.00
555,258,720.15
3,053,715.26
484,077,547.42
2,668,038.49
95,643,960.43

Invasive populations had significantly higher mean Bd prevalence (W = 27501, p-value < 0.001)
compared to native populations (Figure 11). Bd Prevalence also differed significantly between
populations (χ2 = 161.41, df =19, p-value < 0.001; Figure 12) with the lowest Bd prevalence (0)
occurring in one of the Georgia populations (ALGA), which was significantly lower than eight
populations (BRAL, GVFL, RJCA, SCCA, SFNY, SPMD, VLBC & WVOR; Figure 12), and the
highest Bd prevalence (0.9) in a California population (RJCA), which was significantly higher than
fifteen other populations (ALGA, BCAZ, CDAZ, ENGA, FHKY, FLAZ, GHFL, GVFL, HPCA,
RRID, SFNY, SLIL, SLVA, VLBC, & WWAZ; Figure 12). Mean Bd infection intensity was
significantly higher in the invasive populations (W = 3880, p-value < 0.001; Figure 11). Mean Bd
infection intensity also differed significantly between populations (χ2 = 75.15, df = 18 p-value < 0.001;
Figure 12), with the lowest Bd infection intensity (4.98) at the Alabama population (BRAL), which
was significantly lower than eight populations (FLAZ, GHFL, GVFL, HPCA, RJCA, SCCA, VLBC,
& WVOR; Figure 11), and the highest Bd infection intensity (7.05) at the same California population
(RJCA), which was significantly higher than twelve other populations (BRAL, CDAZ, FHKY, GHFL,
HPCA, RRID, SCCA, SFNY, SLIL, SLVA, SPMD, & VLBC; Figure 11). Both Bd prevalence and Bd
infection intensity were significantly higher in the invasive range (Figure 11), in large part due to the
two populations in California (RJCA, & SCCA), and one population in Oregon (WVOR), which
consistently had significantly high Bd prevalence and infection intensity compared to other
populations (Figure 12).

43

Figure 11. Mean Bd load by invasive range. Pink represents invasive populations. Blue represents
native populations. (A) Mean Bd prevalence with Clopper-Pearson binomial error bars and (B) Mean
Bd log(infection intensity) with standard error bars.
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Figure 12. Mean Bd prevalence and infection intensity by population. Pink represents invasive
population. Blue represents native population. Significant differences between groups are indicated
by lowercase letters. (A) Bd Prevalence with Clopper-Pearson binomial error bars, (B) Bd
log(infection intensity) with standard error bars.
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Fourteen alleles were included in our relative risk analysis (LiCA_B, RACA_001, RACA_002,
RACA_003, RACA_006, RACA_010, RACA_011, RACA_012, RACA_014, RACA_018, RACA024, RACA_030, Rapi_33, & Rapi_36). Alleles that encoded the same amino acids were merged in
our relative risk analysis (LiCA_B & Rapi_33, RACA_003 & RACA_018, RACA_001 & RACA_024,
and RACA_006 & RACA_014). In our first dataset, which included all native and invasive individuals,
carriers of either the LiCA_B or Rapi_33 alleles had a 33% decreased risk of Bd infection (RR=0.67,
Fisher’s exact test p-value = 0.03; Figure 13), while the RACA_001/024, RACA_003/018, and
RACA_012 alleles were all associated with a significantly increased risk of Bd infection
(RACA_001/24, RR = 2.16, Fisher’s exact test p-value = 0.008; RACA_003/018, RR = 2.24, Fisher’s
exact test p-value < 0.001; RACA_012, RR = 3.16, Fisher’s exact test p-value = 0.004; Figure 13). In the
native range dataset, no MHC allele was significantly associated with a decreased risk of Bd infection,
but RACA_012 was significantly associated with an increased risk of Bd infection (RACA_012, RR =
5.40, Fisher’s exact test p-value <0.001; Figure 13). Similarly, in the invasive range dataset, no MHC
allele was significantly associated with a decreased risk of Bd infection, but RACA_001/024, and
RACA_003/018, were associated with a significant increased risk of Bd infection (RACA_001/024,
RR = 1.87, Fisher’s exact test p-value = 0.02; RACA_003/018, RR = 1.86, Fisher’s exact test p-value =
0.005; Figure 13). Heterozygosity was not significantly associated with either a decreased or increased
risk of Bd infection in any of the datasets, nor were the RACA_006 and RACA_014 alleles that were
under positive selection in the aBSREL test (Figure 13). Although results were not always significant
in the datasets with smaller sample sizes, we saw the same patterns across all ranges, with
LiCA_B/Rapi_33 associating with a decreased risk in Bd infection, and RACA_001/024,
RACA_003/018, and RACA_012 associating with an increased risk of Bd infection (Figure 13).
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Figure 13. Relative risk values associated with risk of Bd infection. Error bars represent Wald
confidence intervals. Values greater than one are associated with an increased risk of Bd infection.
Values less than one are associated with a decreased risk in Bd infection. (A) Relative risk from the
native range dataset, (B) Relative risk from the invasive range dataset, (C) relative risk from both
datasets combined.
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DISCUSSION
Our study is the first range-wide analysis of MHC in natural populations of R. catesbeiana, an
ecologically and economically important amphibian species. In this study we demonstrated that
invasive populations of R. catesbeiana maintained levels of MHC diversity comparable to their native
counterparts, likely maintained by balancing selection, a pattern which was contrasted by genetic
diversity at the neutral cytb locus. We detected differences in population genetic metrics between loci
suggesting that selection acted more strongly on MHC than cytb, and that these selective pressures
varied between the two ranges. Our phylogenetic analysis of cytb indicated that the majority of
invasive R. catesbeiana in North America likely arose from a single source population from the
American Midwest, while our MHC phylogenetic analyses indicated that MHC in R. catesbeiana have a
unique evolutionary history that differs from patterns seen in other ranid frog species, demonstrated
by low levels of MHC diversity and trans-species polymorphism. We also showed that despite this
species’ low susceptibility to chytridiomycosis, Bd appears to impose selective pressure with positive
selection acting on multiple codons found at PBR residues associated with Bd tolerance. Finally, we
determined that Bd prevalence and infection intensity were both significantly higher in the invasive
range, and that multiple MHC alleles were associated with an increased or decreased risk of Bd
infection, indicating the importance of immunogenetic variation for coping with a Bd-riddled
landscape.
When comparing native and invasive populations we saw significant or near-significant lower
measurements in mean number of haplotypes, gene diversity (Hd), and π in invasive populations at the
neutral cytb locus, indicating these populations did undergo a founder effect (Figure 3). Despite this
founder effect, we did not see any significant decreases in H O, AR, mean number of alleles, gene
diversity (HE), or π at the MHC locus in invasive populations (Figure 3). discounting our prediction
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that MHC diversity would significantly decrease due to founder effect. When comparing genetic
diversity between loci, MHC had significant or near-significant higher π than cytb across both ranges,
indicating that selection was acting more strongly on MHC (Figure 5). Nonsignificant differences in
number of alleles and gene diversity between loci indicated that within each range there is roughly
equivalent genetic diversity maintained across both loci (Figure 5). Although differences were not
significant, we also saw differing patterns of mean number of alleles per locus between the two ranges,
with an overall pattern of fewer MHC alleles than cytb haplotypes in the native populations, but more
MHC alleles than cytb haplotypes in the invasive populations (Figure 5). This contrasting pattern
indicates that different types of selection are likely acting on MHC in the different ranges,
overwhelming effects of demography. The higher MHC compared to cytb diversity in the invasive
range supports our second prediction that balancing selection could maintain some level of MHC
diversity in invasive populations. We found evidence of balancing selection acting on some
populations, with two native populations and two invasive populations having significantly positive
Tajima’s D values at their MHC but nonsignificant Tajima’s D values at their cytb (Table 3). We also
found evidence of directional selection acting within some invasive populations, supporting our third
prediction. Specifically, one invasive population (VLBC) had a significantly negative MHC Tajima’s D
value with a contrasting positive cytb Tajima’s D value, indicating this population underwent a recent
selective sweep (Table 3). This population was almost fixed for the beneficial LiCA_B allele. The
LiCA_B allele also had a higher overall frequency in the invasive range than the native range, which is
likely due to Bd-induced directional selection, however we did not see the same pattern emerge with
Rapi_33. Combined, these patterns indicate balancing selection and directional selection are likely
acting in a tug-of-war to create observed patterns of MHC diversity in invasive populations, with
balancing selection that is likely driven by numerous pathogen threats maintaining high levels of MHC
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diversity, but directional selection driving beneficial alleles like LiCA_B into high frequency in places
where Bd is more severe. We also cannot rule out other selective regimes that go beyond the scope of
this study, such as negative-frequency dependent selection and overdominance, that could also be
playing a role in shaping R. catesbeiana MHC diversity and could be associated with other pathogens
such as Ranavirus (Gray et al., 2009). However, we did find that MHC heterozygosity was not
associated with a decreased risk of Bd infection (Figure 13), similar to previous studies of natural
anuran populations (Savage & Zamudio, 2016; Trujillo et al., 2021), suggesting heterozygote advantage
was not acting on MHC in response to Bd. It also appears that founder effects do have a continued
impact on some invasive populations. Mean F ST values for both loci were significantly higher in
invasive populations than native populations, indicating there is comparatively less gene flow between
invasive populations than native populations and that genetic drift is a more potent force within the
invasive range (Figure 4). Also, two invasive populations, CDAZ and RRID, were completely fixed
for a single allele at both loci, whereas all native populations harbored some genetic diversity (Figures
6 & 7). Assuming an eastward expansion from the original invasive population in California, the lower
genetic diversity at these populations could be due to subsequent founder events.
Evidence suggests the global trade of bullfrogs is at least in part responsible for the global spread of
Bd (Daszak et al., 2004; Garner et al., 2006; Schloegel et al., 2012; Yap et al., 2018), therefore the study
of R. catesbeiana immunogenetics and invasion history are inherently linked. Our study is the first
genetic analysis of R. catesbeiana with sampling that spans its entire North American invasive and native
ranges and provides insight into the history of the invasion of R. catesbeiana in this region. Our cytb
haplotype network showed a distinct division between haplotypes associated with native and invasive
populations (Figure 7), and our Bayesian phylogeny indicated that these invasive haplotypes cluster in
a monophyletic group, which likely arose from a single population (Figure 10). The two invasive
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haplotypes that did not cluster with the other invasive haplotypes (Rcat1415 and Lcat_MT5) were
both only found in the Oregon population (WVOR) in our study (Figure 7), and Lcat_MT5 was
previously found in one population in Montana (Kamath et al., 2016). The occurrence of these two
alleles with a different evolutionary history than all other invasive haplotypes suggest there may have
been a subsequent introduction of at least one other population in this region. The Lcat_MT4
Lcat_MT5 haplotypes have previously been recovered in invasive populations in Montana, indicating
a possible subsequent invasion could have occurred (Figure 7). Kamath et al. (2016) indicated that
there were at least four independent invasion events into Montana based on significant cytb
differentiation between invasive populations (Kamath et al., 2016), however differentiation between
these populations could be due to subsequent founder effects similar to CDAZ and RRID. Additional
genetic studies of invasive populations of R. catesbeiana in the northwestern continental United States
should be conducted to better understand this putative secondary invasion.
Although historical records state that the original R. catesbeiana founding population contained
individuals from Florida and Maryland, none of our sampled invasive populations carried haplotypes
found in Florida populations from this or past studies (Austin et al., 2004; Figure 6). Rcat1415 was
found in both the invasive Oregon population (WVOR), and the Maryland population (SPMD),
however this allele was not unique to Maryland and was found in four other native populations (Figure
7). The cytb Bayesian phylogeny showed that three haplotypes found in Maryland diverged just prior
to the clade containing most of the invasive haplotypes. However, because none of these three
haplotypes were found in any of the invasive populations, and none of them clustered within the
monophyletic invasive haplotype cluster (Figure 10), this likely has more to do with the demographic
history of the original founding population prior to the invasion than the geographical location of the
founding population. Of the five haplotypes that were shared between native and invasive
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populations, all were found in at least one of the three populations found at the western edge of our
native sampling (BRAL, FHKY, & SLIL; Table 1 & Figure 7). Specifically, all three haplotypes found
in the Illinois population (SLIL) clustered with the invasive haplotypes (Figure 7 & Figure 10).
Additionally, the only two pairwise FST values that were not significantly different between native and
invasive population pairs at the cytb locus were between the SLIL population, and two invasive
populations in California and Arizona (FLAZ & SCCA; Table 4). This indicates that the founding
population was likely composed of individuals from somewhere in the Mississippi River Basin or
Great Lakes region of the United States, as suggested by past studies (Funk et al., 2011; Kamath et al.,
2016) with the most evidence pointing to the Great Lakes region, as demonstrated by the similarity
between invasive haplotypes and haplotypes from the SLIL population. Of note, the SLIL population
is only a few counties away from the oldest recorded positive case of Bd (Talley et al., 2015) providing
additional evidence that invasive R. catesbeiana may have been a vector species that contributed to the
introduction and spread of Bd in the western United States (Yap et al., 2018), and possibly the spread
of Bd from California into Mexico and Central America (Velo-Antón et al., 2012).
Although multiple studies have established that R. catesbeiana has a low susceptibility to Bd (Daszak et
al., 2004; Eskew et al., 2015; Gervasi et al., 2013), surprisingly little is known about the immunological
underpinnings of this low susceptibility. Our study indicates that the evolutionary history of the MHC
class II β exon 2 in R. catesbeiana is dramatically different from other species and could in large part
explain the ability of this species to combat Bd. Overall, R. catesbeiana appears to have a relatively low
number of MHC alleles compared to other congeners. With robust sampling of 277 individuals from
20 populations that spanned the entire North American range, we only recovered 28 MHC alleles. In
contrast, a recent study with similarly robust sampling of 272 R. pipiens individuals showed that 14
populations carried 37 unique MHC alleles (Trujillo et al., 2021). Even more dramatic, 84 unique alleles
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have been recovered from 8 populations of R. yavapaiensis in Arizona (Savage & Zamudio, 2016). In
addition to low number of alleles, MHC in R. catesbeiana showed very little trans-species polymorphism,
as demonstrated by our recovery of only two alleles shared with other species (Rapi_33 and Rapi_36
with R. pipiens; Trujillo et al., 2021), and by all recovered R. catesbeiana alleles clustering together on
our Bayesian phylogeny (Figure 9). Other species from the genus Rana show extensive trans-species
polymorphism, with MHC alleles from different species clustering with MHC alleles of other species
across multiple clades of the MHC evolutionary tree, indicating these species retain ancestral MHC
alleles via balancing selection (Kiemnec-Tyburczy et al., 2010; Savage et al., 2018; Trujillo et al., 2021).
Although a previous study showed one R. catesbeiana MHC allele (HQ025930) clustering with alleles
recovered from R. yavapaiensis (Trujillo et al., 2021; Figure S4), all our recovered alleles clustered
together on the phylogeny (Figure 9), indicating ancestral balancing selection was not a strong enough
force to keep rare, ancestral alleles in most R. catesbeiana populations. With a relatively low number of
MHC alleles and limited trans-species polymorphism, the focal MHC locus in R. catesbeiana appears to
have a unique evolutionary history, likely driven in part by Bd-mediated directional selection.
Additional studies should be conducted on other aspects of the immune system of R. catesbeiana, such
as utilization of antimicrobial peptides (Flechas et al., 2019; Woodhams et al., 2007), presence of
cutaneous symbiotic bacteria (Flechas et al., 2019), and upregulation of genes associated with skin
integrity (Ellison et al., 2015), to determine if these also play a role in tolerance to Bd.
Our tests for selection demonstrated that three codons located in three separate PBR residues were
all under positive selection (Figure 6). Multiple studies have shown that conformation of the P9 residue
is associated with a decreased risk in Bd infection (Bataille et al., 2015; Kosch et al., 2016; Savage et
al., 2018; Trujillo et al., 2021), however, a proper understanding of the role P4 and P6 residues could
play in combatting Bd has been less consistent (Bataille et al., 2015; Fu & Waldman, 2017; Kosch et
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al., 2016). Bataille et al. (2015) showed that there was a correlation between certain pocket
conformations of the P4 and P6 binding pockets and species that demonstrated low Bd susceptibility,
however these results were not supported in their experimental infection of L. v. alpina (Bataille et al.,
2015). Similarly, Kosch et al. (2016) showed that some populations of P. pustulosus contained alleles
with the beneficial P6 conformation, but only in low frequency, and that one population even saw a
decrease in alleles with this beneficial P6 confirmation post exposure to Bd (Kosch et al., 2016; Figure
S2). Selective pressures acting on all three binding pockets could allow MHC in R. catesbeiana to better
bind to Bd antigens and may also contribute to this species’ ability to combat Bd. Additionally we
found positive selection acting on three codons not located in the mammalian-defined PBR, indicating
these codons may play role in antigen conformation in amphibians. Subsequent studies of MHC class
IIβ should determine if these three codons are consistently under positive selection in the face of Bd
and other amphibian pathogens.
We found Bd infecting frogs from every sampled R. catesbeiana population, with the exception of one
native population (ALGA). The invasive populations had a significantly higher Bd load than the native
populations in terms of both mean prevalence and mean infection intensity, with the Oregon (WVOR)
population and two California populations (RJCA & SCCA) consistently showing significantly higher
Bd prevalence and intensity than other native and invasive populations (Figure 11 & 12). This is
unsurprising given that Bd has been found in high prevalence leading to localized epizootics in many
regions of the western United States (Lips, 2016; Savage & Zamudio, 2011; Schlaepfer et al., 2007;
Yap et al., 2018). Increased Bd load in the invasive range is likely due to environmental variables that
are more conducive to Bd in many of the western regions sampled, such as higher elevation (Kilpatrick
et al., 2010; Lips et al., 2008; Woodhams & Alford, 2005) and more optimal temperature for Bd growth
(Bradley et al., 2002; Longcore et al., 2007).
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Finally, our relative risk analyses showed that certain MHC alleles were directly associated with a
significant increase or decrease in Bd infection, and that these patterns were consistent across both
native and invasive populations. LiCA_B and Rapi_33, which encode identical MHC proteins, were
associated with a 33% decreased risk in Bd infection (Figure 13). Rapi_33 was previously recovered
as a widespread allele in one other species, R. pipiens, where it was suggested that Rapi_33 could
promote Bd tolerance due to its widespread distribution and its clustering with R. catesbeiana alleles
(Trujillo et al., 2021). Our study corroborates that Rapi_33 is indeed associated with a significantly
decreased risk of Bd infection and indicates that Bd-mediated directional selection may have driven
Rapi_33 and LiCA_B into high frequency, as they account for a combined total of 56% of all alleles
recovered across all populations. Despite the demonstrated ability R. catesbeiana has to actively decrease
Bd load (Eskew et al., 2015; Gervasi et al., 2013), the three alleles RACA_001/024, RACA_003/018,
and RACA_012 were associated with a significantly increased risk of Bd infection (Figure 13).
However, we interpret this result with caution because RACA_001 and RACA_003 were found at
high frequencies in the RJCA and SCCA populations, which both had significantly higher Bd
prevalence and infection intensity than other populations (Figure 12), so the increased relative risk of
these alleles may be an artefact of their frequency in environments more conducive to Bd. Additionally,
RACA_012 was only found in five individuals in one population (SFNY), and may be associated with
an increased risk only due to small sample size or localized effects. Interestingly, both of the alleles
that were under positive selection in our aBSREL analysis, RACA_006 and RACA_014 (Figure 8),
were not significantly associated with an altered risk of Bd, suggesting that amino acid change in these
alleles evolved in response to other pathogens and/or mate choice-related selective pressure.
We demonstrated that invasive populations maintained MHC diversity despite evidence of founder
effects, indicating that MHC diversity plays a role in invasive species’ ability to adapt to novel
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environments. The maintenance of MHC diversity, particular the retention of beneficial MHC alleles
such as LiCA_B and Rapi_33, likely allowed invasive population of R. catesbeiana to successfully
become established in the invasive range where Bd load is significantly higher. Maintenance of
diversity at ecologically-important loci, such as MHC, could explain why R. catesbeiana is able to
become established, often with extremely low genetic diversity at a neutral locus (Bai et al., 2012;
Ficetola et al., 2008; Funk et al., 2011; Kamath et al., 2016). This study builds on a growing body of
evidence that maintenance of MHC diversity is important for species that have undergone a recent
reduction in genomic diversity (Aguilar et al., 2004; Bateson et al., 2016; Benazzo et al., 2017;
Marmesat et al., 2017), particularly in invasive populations, where even small amounts of MHC
variation allow for invasive species to adapt to pathogens encountered in a novel environment
(Biedrzycka, et al., 2020b; Schwensow et al., 2017). This study highlights the importance of studying
functional loci alongside neutral loci to get a more accurate understanding of how invasive species can
adapt to novel environments. More studies of ecologically-relevant loci across invasive taxa are
desperately needed to determine if maintenance of genetic diversity at these loci is a common strategy
employed by invasive species, and if this strategy can explain the genetic paradox of invasion.
In conclusion, our study provides insight into the invasion history of R. catesbeiana, and its likely role
in spreading Bd throughout North America. We also found that R. catesbeiana MHC class II β appear
to have undergone an evolutionary history distinct from other frog species studied to date, including
comparatively low MHC diversity with limited trans-species polymorphism. This unique evolutionary
history, along with the maintenance of beneficial alleles and positive selection acting on multiple
peptide-binding pockets, likely plays an important role in the well-documented ability of R. catesbeiana
to resist and tolerate Bd. We also found evidence to suggest that balancing selection can act to combat
the negative impacts of founder effect even in the face of directional selection. Diversity at ecological
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relevant loci, such as MHC, could play an important role in helping invasive populations to
successfully adapt and become established in novel environments. More research is needed in different
adaptive loci across various taxa to better understand the role these loci play in facilitating the
successful establishment and spread of invasive species.
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